Abstract The effect of sulphate at an influent chemical oxygen demand (COD):sulphate ratio of 4 on the operational performance of anaerobic hybrid reactors treating molasses wastewater was investigated under mesophilic and thermophilic conditions in a long-term laboratory-scale study over a 1,081 day period. The presence of sulphate reduced the COD removal efficiency under both mesophilic and thermophilic conditions. At 55°C, effluent acetate levels were consistently greater than 4000 mg l -1 , indicating that thermophilic acetate-utilising methane-producing bacteria (MPB) or sulphate-reducing bacteria (SRB) had not developed in the reactor under the conditions applied. At 37°C, acetate was exclusively utilised by acetoclastic methanogens, whereas H 2 -utilising SRB predominated over H 2 -utilising MPB in the competition for hydrogen. By contrast, hydrogenotrophic MPB were shown to outcompete H 2 -utilising SRB during longterm thermophilic operation. 16SrDNA analysis of the seed sludge and reactor biomass on conclusion of the 37°C and 55°C trials illustrated that the dominant methanogen present on conclusion of the thermophilic trial in the absence of influent sulphate was related to Methanocorpusculum parvuum, and was capable of growth on both acetate and hydrogen. By contrast, an organism closely related to Methanobacterium thermoautotrophicum was the dominant methanogen present in the sulphate-fed reactor on completion of the thermophilic trial.
Introduction
Sulphate is a common constituent of several industrial wastewaters, including those from paper and pulp, edible oil production, molasses fermentation and tannery wastewaters (Shin et al., 1997) . The presence of sulphate or other oxidised sulphur compounds in these wastewaters permits the activity and growth of SRB during anaerobic treatment. These microbes can couple the oxidation of reduced organic or inorganic compounds to the reduction of sulphate to sulphide for bioenergetic purposes. Their activity in anaerobic digestion reactors results in a reduction in methane yield; potential inhibition by hydrogen sulphide (H 2 S) of acetogenic and methanogenic trophic groups; precipitation by sulphide of required trace metals; and odour and corrosion problems (Stephenson et al., 1994; Colleran et al., 1998) .
Under mesophilic conditions, methanogenesis is dominant at influent COD:sulphate ratios above 10:1, whereas sulphidogenesis prevails at ratios below 1:1 (Visser, 1995) . However, the majority of industrial sulphate-containing wastewaters display COD:sulphate ratios between these extremes, thus resulting in active competition between the SRB, acetogenic and methanogenic bacteria. This study was designed to compare the outcome of these competitive interactions under mesophilic (37°C) and thermophilic (55°C) conditions in lab-scale anaerobic hybrid reactors treating a molasses based influent at different volumetric loading rates and over a long time scale (1,081 days).
Methods
Design and operation of laboratory-scale reactors Two 8 litre (l), anaerobic hybrid reactors (AHR), R1 and R2, were used in the trial. The design, seeding and start-up of these reactors have been described in detail elsewhere (Pender, 2000) . The influent to R1 and R2 consisted of a dilute solution of sugar beet molasses with a COD concentration of 12 kgCOD m -3 . Feeding of the reactors was commenced at 37°C at a hydraulic retention time (HRT) of 8 days. The HRT was decreased to 48 hours after 37 days, resulting in a volumetric loading rate (VLR) of 6 kgCOD m -3 d -1 . Magnesium sulphate (MgSO 4 ·7H 2 O) was supplemented to the R2 influent to give a sulphate concentration of 3 g l -1 from day 113 onwards (COD:sulphate ratio of 4) R1 served as a sulphate-free control reactor throughout the trial.
Analytical techniques
Specific methanogenic activity profiles of all sludge samples were determined in the presence and absence of sulphate and specific inhibitors of MPB and SRB according to the methods described previously . Direct substrate degradation measurements were also performed in the presence and absence of sulphate and specific inhibitors, as described by O'Flaherty et al. (1999) . COD and volatile suspended solids (VSS) were determined according to Standard Methods (APHA, 1998) . Volatile fatty acids (VFA), alcohol and methane gas analyses were carried out by gas chromatography as described by Pender (2000) . Sulphate and sulphide analyses were carried out, respectively, by the turbidometric and colorimetric procedures described in Standard Methods (APHA, 1998) . Extraction, amplification, cloning and restriction of DNA in reactor sludge samples were conducted according to the methodology reported by Pender (2000) . Sequencing was carried out on an ABI 377 automated sequencer as per manufacturer's instructions (Perkin Elmer). All database comparisons were performed using Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) .
Results and discussion
Following an initial start-up period of 37 days, R1 and R2 were operated at a VLR of 6 kgCOD m -3 d -1 and a HRT of 48 hours under mesophilic (37°C) conditions. By day 100 a soluble COD removal efficiency of >90% was achieved by both reactors, with effluent acetate and propionate concentrations of less than 150 mg l -1 and a biogas methane content of more than 50%. This high level of operational performance was maintained by R1 for the duration of the mesophilic trial and compares well with other studies reported, using hybrid reactors for the treatment of molasses wastewater (Colleran et al., 1994) . On day 113 the influent to R2 was supplemented with sulphate (3 g l -1 ) to give an influent COD:sulphate ratio of 4. Sulphide was first detected in the effluent on day 116 and by day 128, 91% of the influent sulphate was being removed. This clearly indicates that SRB were present in the R2 biomass prior to sulphate addition, and suggests fermentative or acetogenic SRB involvement in the anaerobic digestion process in the absence of sulphate. During the subsequent 80 days, the R2 soluble COD removal efficiency gradually decreased to approximately 75% which was correlated with an increase in the effluent acetate and propionate concentrations to levels greater than 350 mg l -1 .
The temperature was increased to 55°C in a single step, on days 141 and 241 in R1 and R2, respectively, without an alteration of the VLR or HRT. The methane content of the R1 biogas decreased immediately from 59% to 23%. The R1 soluble COD removal efficiency dropped rapidly to 25% by day 146 ( Figure 1A ), and this was associated with increases in effluent acetate and propionate concentrations to 3,693 mg l -1 and 776 mg l -1 , respectively. Complete process recovery was gradual and elevated levels of these VFA persisted in the reactor effluent until day 400, by which time they had decreased to concentrations of less than 250 mg l -1 and 200 mg l -1 , respectively. The steady state performance subsequently maintained by R1 at a VLR of 6 kgCOD m -3 d -1 achieved approximately 80% soluble COD removal efficiency ( Figure 1A ) with a biogas content of >45% methane. Although this result indicated that stable thermophilic digestion of a complex molasses wastewater was feasible, the operational efficiency was considerably poorer than obtained under mesophilic conditions, a finding consistent with other reported work (Dinsdale et al., 1997; Duran and Speece, 1997) .
Temperature elevation in R2 was accompanied by a decrease in the methane content of the biogas to about 10%, an increase in effluent acetate and propionate levels to maximum values of 5,270 mg l -1 and 567 mg l -1 , respectively, and a reduction in the soluble COD removal efficiency to 34% ( Figure 1B ). An almost total cessation of sulphate reduction was observed, with effluent sulphate concentrations increasing to 2,978 mg l -1 by day 281. In contrast to R1, recovery of the thermophilic digestion process in R2 was only partial and stabilised from day 400 onwards at a soluble COD removal efficiency of approximately 45% ( Figure 1B) , a biogas methane content of 20-25% and persistent elevated effluent acetate concentrations of approximately 4,000 mg -1 . High effluent acetate concentrations during thermophilic treatment of sulphate-containing wastewaters is consistent with the findings of other researchers . Recovery of sulphate removal in R2 was almost complete by day 400, with effluent sulphate levels decreasing to below 200 mg l -1 , on completion of the thermophilic trial.
From day 579 to 958, the VLR applied to R1 and R2 was increased stepwise from 6 to 48 kgCOD m -3 d -1 by reduction of the HRT from 48 to 6 hours (h) ( Figures 1A and B) . There was no significant change in the operational performance of either reactor as the VLR was increased to 18 kgCOD m -3 d -1 (Figures 1A and B) . However, the final reduction to a 6 h HRT resulted in a significant decrease in the performance of R1 in particular. Remedial measures taken on day 959 (decrease in VLR to 18 kgCOD m -3 d -1 and increase of the HRT to 18 h) resulted in an immediate improvement in the COD removal efficiency which was maintained for both reactors until conclusion of the trial on day 1,081. Specific methanogenic activity (SMA) and specific substrate depletion (SSD) assays on conclusion of the mesophilic trial revealed that acetatoclastic methanogens were responsible for acetate utilisation in the R2 biomass. No acetate degradation occurred when bromoethane sulphonic acid (BES) was included in test vials, suggesting that an SRB population capable of degrading acetate had not developed in the R2 biomass. By contrast, although an active population of hydrogenotrophic MPB was found to remain within R2, results of competition studies strongly suggested the development and dominance of hydrogen utilising SRB in R2 on completion of the mesophilic trial. The latter finding is in agreement with the majority of studies (Visser, 1995; Colleran et al., 1998) and may be related to the more favourable kinetic parameters for SRB, or to the fact that SRB maintain the concentration of hydrogen in the reactor below the threshold level for methanogens (Oude Elferink et al., 1994) . Literature data on the outcome of mesophilic competition for acetate during treatment of sulphate-containing wastewaters are contradictory, with a predominance of MPB (Oude Elferink, 1998; Colleran et al., 1998; De Smul et al., 1999) and SRB (Alphenaar et al., 1993; Visser, 1995) being reported. The high COD:sulphate ratio applied, together with the lower affinity of SRB for acetate than for other substrates, may explain the inability of SRB to outcompete the acetoclastic MPB in the current study.
SMA and SSD assays of R2 sludge with acetate as substrate, on completion of the thermophilic trial were characterised by lengthy lag phases and poor substrate utilisation and methane production rates, both in the presence and absence of sulphate. These findings were in agreement with the high effluent acetate concentrations associated with thermophilic operation of R2. The absence of acetate-utilising MPB and SRB in the thermophilic R2 biomass may be attributable to sulphide inhibition of the development of thermophilic acetoclastic methane-producing bacteria (AMPB) and acetate-utilising sulphate-reducing bacteria (ASRB), absence of thermophilic ASRB in the seed sludge or the inability of ASRB to compete for available sulphate with other SRB. By contrast with the mesophilic sludge data, thermophilic hydrogen-utilising SRB were shown to play a minor role in hydrogen conversion by thermophilic R2 sludge both in the presence and absence of sulphate. The result obtained suggested that hydrogenotrophic MPB were responsible for the bulk of the hydrogen conversion by thermophilic R2 biomass.
16SrDNA analysis showed that the sludge used to seed both R1 and R2 contained a diverse population of MPB, dominated by an organism similar to Methanosaeta soehngenii or Methanosaeta concilii. Growth of these obligately acetate-utilising organisms is favoured by low levels of acetate, which is consistent with the inoculum having been developed in a mesophilic reactor maintaining low acetate concentrations. On conclusion of the 55°C trial, Methanosaeta sp. were no longer detectable in sludge samples from either R1 or R2. The dominant Operational Taxonomic Unit (OTU) detected in R1 throughout thermophilic operation was an organism related to Methanocorpusculum parvuum. This species was found to be capable of growth on both acetate and hydrogen. The dominant OTU detected in R2 biomass at the end of the trial was closely related to the hydrogenutilising methanogen Methanobacterium thermoautotrophicum. This OTU was not detected in R1 biomass samples throughout the trial, suggesting that it may have been specifically enriched thermophilically in R2 as a result of sulphate supplementation. The inability to detect Methanosaeta species or any other acetoclastic methanogen, including the most commonly detected R1 organism, from R2 at 55°C is consistent with the operational performance of this reactor and probably reflects the high degree of sensitivity of thermophilic acetoclastic methanogens to the inhibitory effects of hydrogen sulphide.
